I TECH LIBRARY KAFB,NM I I l l 11I I I I I1 1 1l l l l l l ul ll l l l ll l l lIl l denum. Special emphasis was placed on alloy softening in these binary molybdenum (Mo) alloys. A modified microhardness test unit permitted hardness determinations at homologous temperatures ranging from 0.02 to 0.15, where alloy softening normally occurs in body-centered cubic alloys. Alloys were prepared by arc-melting high-purity electron-beam-melted Mo and high-purity alloying elements. Alloy additions ranged from less than 1 atomic percent up to the maximum solubility of each of the elements in Mo. Hardness was determined for at least six alloys from each alloy system at four test temperatures in order to fully characterize alloy softening in these binary Mo al loys.
Results showed that alloy softening was produced by those elements having an ex cess of s+d electrons compared to Mo, while those elements having an equal number o r fewer s+d electrons than Mo failed to produce alloy softening.
The magnitude of the softening and the amount of solute element at the hardness minimum diminished rapidly with increasing test temperature. At solute concentrations where alloy softening was observed, the temperature sensitivity of hardness was low ered. For solute elements having an excess of s+d electrons o r fewer s+d electrons than Mo alloy softening and alloy hardening can be correlated with the difference in num ber of s+d electrons of the solute element and Mo. These results point to an intrinsic property controlling low-temperature deformation of Mo alloyed with the transition ele ments of the sixth period.
INT RODUCTlON
In a previous study (ref. l), the authors showed that alloy softening in the group VIA metals chromium (Cr), molybdenum (Mo) , and tungsten (W) alloyed with rhenium (Re) was similar in all three alloy systems, occurring at homologous temperatures less than 0 . 1 6 and at Re concentrations less than 16 atomic percent. The results of that study led to the conclusions that alloy softening in group VIA -Re alloys is controlled by an in trinsic property and that electron concentration plays a dominant role in the hardness behavior of these alloy systems. Alloy softening in other body-centered cubic alloys continues to attract much inter est on the part of numerous investigators (ref. 2) . One common factor noted in these studies is that alloy systems that exhibit alloy softening also exhibit a temperature de pendence of yield stress, flow stress, or hardness that is less than that of the solvent metal. However, investigators a r e not in agreement on the mechanism producing alloy softening. Especially in the group VA metals vanadium (V), niobium (Nb), and tantalum (Ta) there is disagreement on whether alloy softening results from an extrinsic factor such as scavenging of interstitial impurities or from an intrinsic factor such as lower ing of the Peierls stress. For example, Hasson Ta-Re-nitrogen (N) alloys Re scavenges N and that alloy softening in this system may be due to an extrinsic factor, the Re-N interaction. The results on group VA metals suggest that two possible mechanisms may cause alloy softening in these metals. For the group VIA metals the only systematic study of alloy softening is the recent investigation by the authors (ref. l ) , where an intrinsic factor was postulated to be responsible for alloy softening.
The purpose of the present investigation was to further characterize alloy softening in one of the group VIA metals, Mo, and to determine the role of electron concentration on the hardness behavior of Mo. Alloy additions included the transition metals from the sixth period, hafnium (Hf), Ta, W, Re, osmium (Os), iridium (Ir), and platinum (Pt).
Solute contents ranged from less than 1atomic percent up to the maximum solubility of solute in Mo. At least six alloys from each system were tested over a homologous tem perature range of 0.02 to 0.15 in a modified microhardness test unit. Table I presents the nominal and analyzed compositions of unalloyed Mo and the fifty binary Mo alloys employed in this investigation. Interstitial analyses are also listed in table I for two alloys from each alloy system. Materials used for this study included high-purity electron-beam-melted Mo, Ta, W, and Re; commercial-purity Hf turnings and Pt foil; and hydrogen-annealed Os and Ir powders. Ingots were prepared by nonconsumable triple-arc-melting of 70-gram charges in a water-cooled copper mold followed by drop casting into a square-cross-section mold.
Slices approximately 3 millimeters thick by 15 millimeters long were cut from the cast ingots for hardness testing. Specimens were annealed in vacuum for 1 hour at 0.7 Tm or at a higher temperature within the solid solution range in order to reduce segration and produce single-phase, equiaxed, strain-free specimens. Specimens were given a metallographic polish on the face to be hardness tested.
Apparatus
The modified microhardness test unit used in this study has previously been de scribed (ref. l). The test unit permitted hardness testing over the temperature range 77 to 411 K.
Procedure
Alloying elements selected for this study are shown in the partial periodic table in figure 1. Alloying elements are all from the sixth period and include the transition ele ments Hf through Pt. Solute contents were selected to give equivalent electron-atom ratios in alloys whose solute elements have fewer s+d electrons than Mo (Hf and Ta).
Solute contents were similarly selected for those elements having an excess of s+d electrons compared to Mo (Re, Os, Ir, and Pt). Additions of W were excluded from this basis for alloy composition selection since Mo and W have the same number of s+d electrons. Solute contents were also chosen to cover the solubility range of each solute in Mo, which can be seen in figure 2 (refs. 6 to 9) to vary from a minimum of only a few atomic percent for Pt in Mo up to complete solubility for the Mo 
RESULTS

Solute Effects
As noted in figure 2, two of the sixth period elements, Ta and W, are totally soluble in Mo. The hardnesses of these two alloy systems at 300 K a r e included in figure 3. It should be noted that Ta additions produce apparent parabolic hardening of Mo (2) to decrease with increasing s+d elec tr ons .
Temperature Effects
The temperature dependence of hardness is illustrated in figure 5 for unalloyed Mo and the seven alloy systems investigated. Hardness in figure 5 is noted to decrease monotonically with temperature for unalloyed Mo and the binary Mo alloys. Examina tion of figures 5(d) to (g) shows that dilute additions of Re, Os, Lr, and P t resulted in a marked decrease in the temperature dependence of hardness compared to unalloyed Mo.
This decrease in temperature dependence of hardness or yield stress with alloying is characteristic of alloy softening in body-centered cubic metals, having been observed in group VIA -Re alloys by the authors (ref. 1)and in other body-centered cubic metals exhibiting alloy softening (refs. 2, 4, and 5). Additions of Hf and Ta also lower the tem perature sensitivity of hardness, but not sufficiently to produce softening.
DISCUSSION OF RESULTS
The purpose of this section of the report is to analyze the hardness data in t e r m s of current theories of alloy softening and hardening and to illustrate that electron concen tration plays a dominant role in the hardness behavior of binary Mo alloys.
Scavenging
The available standard free energy of formation AFf" (ref. 17) data for compounds of the sixth period elements with carbon (C), oxygen (0),and N (at 2000 K) are listed in table III. Based on the data in table 111it is postulated that Hf and Ta would be expected to be potential scavengers of all the interstitials listed. From a comparison of the values of AFf" for the oxides of the sixth period elements, those elements producing alloy hardening, Hf, Ta, and W, would be expected to scavenge oxygen from the Mo lattice. Of the elements producing alloy softening, Re, Os, Ir, and Pt (figs. 4(d)to (g)),
only Os would be expected to scavenge oxygen from Mo. If all the oxygen in Mo is in solution, thermodynamic calculations show that Hf at the same concentration as O s at the hardness minimum at 77 K, i. e., 1.72 atomic percent, to be a much more effective scavenger of oxygen than is Os. However, softening is not observed in Mo-Hf alloys. From these calculations the equilibrium amount of oxygen left in solution in a Mo-Hf alloy would be several orders of magnitude less than in a Mo-Os alloy.
Data a r e not available to make a similar comparison for carbides and nitrides, pos sibly because Re, Os, Ir, and P t do not form stable carbides and nitrides. Those elements that are larger than Mo increase the lattice parameter and those that a r e smaller than Mo decrease the lattice parameter. The rate of increase or decrease in lattice parameter is directly proportional to the atomic radius ratio.
Atomic Size Misfit
In figure 8 (a) the initial rate of hardening for the binary Mo alloys dH/dCS at 411 K from figure 4 where only hardening is observed is plotted against the initial rate of change in lattice parameter of Mo da/dCs from figure 7. The data for W, Ta, and Hf additions suggest that the atomic size misfit parameter may be important in controlling hardness in these systems. However, additions of Re, Os, Ir, and Pt cannot be related to the atomic size misfit parameter. A similar plot is shown in figure 8 Data for rate of change in moduli are not available for the binary alloys, and there fore, the correlation with rate of hardening or softening cannot be examined.
Electron Concentration
A further comparison is made of the hardness behavior of the binary Mo alloys for data determined at 77 K. In figure 9 (a) data a r e compared for those alloys producing hardening of Mo, while in figure 9(b) a comparison is made of data for alloying elements that initially produce softening of Mo. The increases in hardness at a particular solute content are noted to vary remarkably. For example, at a solute content of 8 atomic percent for solute elements producing only hardening of Mo ( fig. 9 (a))approximate in creases in VHN of 30, 80, and 160 result for alloy additions of W, Ta, and Hf, respec tively. In contrast, at similar solute contents for those elements producing an initial softening of Mo ( fig. 9(b) ) increases in VHN of approximately 160, 380, and 620 result for additions of Os, Ir, and Pt, while Re additions at the 8 atomic percent content pro duce a decrease in VHN of approximately 75, as shown in figure 9(b) .
As mentioned previously in the section EXPERIMENTAL PROGRAM, solute content was selected to give alloys having equivalent values of electron-atom ratio e/a. Figures ll(b) , (c), and (d) show that this type of correlation of the data is satis factory at temperatures of 188, 300, and 411 K. It should be noted in figure 11 that the slopes of the two lines are approaching each other as temperature increases, implying that hardness can be correlated with IAVI above the temperature where alloy softening disappears.
From the correlation shown in figure 11 it is concluded that the hardness or strength of binary alloys of Mo with sixth period elements Hf through P t can best be correlated with electron concentration. Even though the initial rate of hardening in Mo-Hf and Mo-Ta alloys could be correlated with atomic size factor, it appears that electron concentration plays a more dominant role over the entire range of compositions investigated here.
Comparison of our previous work on group VIA -Re alloys (ref. 1) reveals that a correlation of hardness for these alloys is also consistent with the present relation be tween hardness and 52, since for Cr, Mo, or W alloyed with Re, AV is constant. A least-squares f i t of hardness data in the previous study indicated hardness could be ex pressed in proportion to Re content o r to the square root of Re content. Based on the present results it appears that the square root of solute content is preferred. It would appear from these two studies that the correlation between electron concentration and hardness o r strength may be applicable to other body-centered cubic transition metal alloys.
Examination of figure 11 reveals that the hardness minimum occurs at lower values of 51 with increasing temperature. Figure 12 shows that Qmin, the value of 51 at the hardness minimum, decreases linearly with increasing temperature. A leastsquares line through the data in figure 12 extrapolates to a temperature of 487 K (0.169 Tm).
Above this temperature alloy softening would not be expected in the binary Mosixth period-element alloys. This is in good agreement with a temperature of 461 K (0.16 Tm) 
CONTROLL1NG MECHANISM
The correlation of hardness with electron concentration for the alloys investigated points to an intrinsic property of the transition metal alloys being responsible for the alloy softening and hardening that has been observed in this study. The lack of softening in Mo-Hf and Ta alloys suggests that scavenging, even though it may occur in these alloys, is not important in controlling alloy softening in these materials. Also, failure to correlate hardening or softening rates with atomic size factor alone, especially where the greatest rates of hardening and softening were observed in Mo-Pt alloys without a change in lattice parameter, precludes the atomic size factor being a controlling mech anism. As pointed out previously by the authors (ref. 1) and by Arsenault (ref. 23) , alloying Mo with elements having a greater number of s+d electrons can lead to a re duction in the Peierls stress as a result of reducing the directionality of the electron bonding. A lowering of the Peierls stress has been proposed by several investigators to be responsible for alloy softening (refs. 1, 2, 3, 18, and 22) .
The abrupt change to alloy hardening at 52 = 2 . 6 4 (at. %)lI2 at 77 K for the binary Mo alloys and at decreasing 52 at higher temperatures is of primary importance in determining the mechanism of alloy softening and hardening in these alloys. Some in sight into the change in softening to hardening may be gained from a study of the mag netic susceptibility of these alloys, which gives some information as to the electron structure 
CONCLUSIONS
Based on a hardness study of binary alloys of molybdenum (Mo) with hafnium (Hf), tantalum (Ta), tungsten (W), rhenium (Re), osmium (Os), iridium (Ir), and platinum (Pt), the following conclusions are drawn:
1. Hardness of the alloys investigated can be correlated with electron concentration of the alloys. 
